Abstract Ion's behavior plays an important role in plasma etching processes and is determined by the local electric potential in the etched trenches. In this study, with the trench powered by a radio frequency (rf) source, the Laplace equation is solved to obtain the electric potential. The ion trajectories and the ion energy distribution (IED) at the bottom of the trench are obtained self-consistently by tracking the ions in the trench. The results show that the aspect ratio of depth-to-width of the photoresist trench and the voltage amplitude of the rf source applied to the electrode are important parameters. The larger the aspect ratio and the smaller the amplitude are, the more ions hit the sidewalls, which results in a notching phenomenon. Meanwhile, there are a higher high-energy peak and a lower low-energy peak in the IED with the increase in aspect ratio.
Introduction
Plasma etching is widely used in the semiconductor industry [1] because it is the main way to achieve possibly anisotropic etch processing. In etching processes, capacitively coupled plasmas (CCPs) with a lower electrode powered by 13.56 MHz radio frequency (rf) are usually adopted [2] . Thus, an rf sheath will be formed near the lower electrode on which the wafer to be etched is placed [2∼4] . Electrons enter the sheath with an isotropic angular distribution and are decelerated by the electric field in the sheath, while ions are accelerated by the electric field in the direction normal to the wafer. Thus, electrons can easily arrive at the entrance of the trench which will be charged up negatively and this charging effect will distort the local electric field in the trench. The distortion will induce the deflection of some ion trajectories and make them impinge on the sidewalls or on the wafer at a non-90-degree angle, which is attributed to an anomalous etch profile such as notching. In turn, the ions' accumulation on the photoresist sidewalls will contribute to the local electric field. Nowadays, the shrinkage of elements of ultra large-scale-integrated (ULSI) circuits requires a much narrower line width. As the line width decreases, the distortion of ion trajectories will be a more serious problem. In the past few years, the notching effects during etching due to charging and the distortion of ion trajectories have been simulated by using Monte Carlo simulation [5∼8] and other methods [9] . LEE et al. found that the width of the trench affected the shapes of the IEDs [10] . MADZIWA-NUSSINOV presented a clear result about the ion trajectories in the photoresist trenches [11, 12] . However, their study was conducted under the condition of a DC bias rather than an rf bias. In this study, we focus on the local electric field in the photoresist trench which is biased by an rf power. On this basis, the ion trajectories are discussed in more detail under different discharge parameters and different aspect ratios of the trench.
The paper is organized as follows. In section 2, a discussion is presented on the model adopted in our simulation, including how to deal with the charging effect and the rf bias condition. In section 3 the results of the simulation are shown and discussed. Finally, a summary is given in section 4.
2 Description of the model
Overview
The simulation domain is a rectangular area consisting of dielectric photoresist sidewalls and the conductive electrode at the bottom to form the trench, as shown in Fig. 1 . Ions are introduced at a source plane on the top boundary of this area and the source plane is in the sheath with a distance far enough from the trench. Periodic boundary conditions are applied on both left and right sides of the whole simulation domain. Under the condition considered, the featured size such as the depth or width of the trench is much smaller than the length of the sheath. So ions with a Bohm velocity are assumed to be in straight trajectories normal to the source plane as they come into the domain and collisions are negligible due to the large mean free paths compared to the scale of the domain. At the same time, the scale invariance method introduced below is applied to calculate the electric field and ion trajectories by solving the Poisson equation [11, 12] . Fig.1 Schematic diagram of the substrate surface feature
Scale invariance method
The electric potential V in the sheath is governed by
with e the electronic charge, ε 0 the permittivity of the free space, n e the electron density, and n i the ion density. The quantities are normalized as
where r is the position, w is the scale factor, η is the dimensionless electric potential, K is the Boltzmann constant, T e is the electron temperature, λ D is the Debye length, n 0 is the plasma density, u B is the Bohm velocity, M is the ion mass, and τ is the dimensionless time. Then, the equation to calculate the normalized electric field and ion trajectories is
with w λ D very small, n i n 0 < 1 and n i >> n e in the trench, so we only need to solve the Laplace equation. Thus, the calculation is based on these scale independent units and the two parameters considered are the amplitude of the rf bias V C and the aspect ratio of the trench A r = D 2W , with D the depth of the trench, and 2W the width of the trench.
A simulation domain with 300 cells in the horizontal direction and about 1000 cells in the vertical direction is considered. The trench is of a width of 40 cells and the distance between the top surface of the trench and the top boundary of the domain is 500 cells. It is assumed that the electric potential at the top boundary of the domain is approximately zero and the value of the electric potential at the electrode is set to be:
Charging effects
The electric potential on the surface of the trench is determined by the condition that the electron's flux equals the ion's flux on the surface of the photoresist when a steady state is reached. Here the electron density obeys the Boltzmann relation,
where V s is the potential at the sheath edge and we set V s =0.
In the simulation, 30000 ions are introduced at each step. Then the electric potential at a boundary cell of the trench can be obtained as [12] V (
where T eV = KT e e =3 V, x j is the location of a boundary cell, δx j is the length of a cell, L is the horizontal length of the domain area, and F j is the ratio of incident ions onto a cell to total ions.
Algorithm under rf bias condition
In order to get the electric field under the rf sheath condition, we divide one rf cycle into 100 time segments and the time segment at which an ion will be introduced is chosen randomly. In each time step, a certain number of ions enter the simulation domain from the upper boundary and eventually hit the interfaces, such as the sidewalls, the top surfaces and the bottom of the trench. The material of the bottom is conductive, so the ions arriving at the bottom will be absorbed. The sidewalls made of photoresist are insulative, where charges are accumulated. The accumulation of charge at the beginning of the process is dynamic, when the ion and electron flow are equal on the insulating surface and the number of the accumulated charge on the insulating surface reaches a stable value. After all the ions reach the trench, we can get the electric potential of the top surface and sidewalls of the trench by Eq. (5), which is the part of the boundary condition of the next iteration. At each step the Laplace equation is solved according to the boundary condition and then ions are introduced moving in the updated electric field. The iteration is repeated until the electric field and ion trajectories converge to a self-consistent periodic steady state.
Results and discussion
We set −40 V for the electric potential of the cells at the boundary of the trench, if there is no incident ion on the trench. Ions enter the domain border vertically with an initial velocity u B . Given different values of A r as 4, 7, 10, respectively, with a fixed V c of −25 V, the electric potential in the domain can be obtained. At the same time, the corresponding ion trajectories are also drawn, as shown in Fig. 2 . In the figures the electric potential at the zero phase of one rf cycle is shown. In this article the results of the zero phase are shown in all the related figures, if not stated otherwise. It is seen from Fig. 2 that a strong electric field appears at the entrance of the trench and deflects the incident ions significantly. Thus the ions can not bombard the sidewalls within a distance from the entrance. Also, the distance keeps unchanged overall when Ar changes, which can be seen in both Figs. 2 and 4 . This is similar to the results in Refs. [11] and [12] . It can also be seen that for deeper trenches ions can reach the sidewalls. To show more clearly, the details in electric potential of Fig. 2(b) are re-shown in Fig. 3 , but without the labels as shown in Fig. 2 .
The number distribution of the incoming ions on the sidewalls is shown in Fig. 4 . It is found that in the charged region of the sidewalls, there is a peak near the bottom of the trench, which is due to the strong electric field near the sharp corner and may be the reason of notching. The ratios of those ions bombarding the electrode, sidewalls and other location to the total ions are listed in Table 1 . As is seen, a smaller rf bias can increase the amount of incident ions onto the sidewalls, which is similar to MADZIWA-NUSSINOV's work [11, 12] . On the contrary, the deeper the trench is, the larger the amount of ions arriving at the sidewalls is, which differs from MADZIWA-NUSSINOV's work [11, 12] . Therefore, notching is easy to occur for a deeper trench, which is also indicated in Figs. 2 and 4 . It is found as well that the amount of ions impinging on the sidewalls is small compared to that of ions bombarding the bottom, even so it is the ions arriving at the sidewalls that cause the notching. The ion trajectories for different phases of one rf cycle are shown in Fig. 5 , with T the period of one cycle. It is found that different values of the voltage applied to the electrode result from different phases of the rf cycle, which affects the ion trajectories, especially near the bottom. It is clearly shown that at the moment of (3/4)T , ions bombard the sidewalls more easily than at (1/4)T . The amplitude of the rf voltage V c also affects the ion trajectories by affecting the electric field in the trench. The ion trajectories at zero phase with A r =7 and the amplitude of the rf voltage at −25 V and −50 V, respectively, is shown in Fig. 6 . It can be seen that the amplitude of voltage exhibits an impact mainly on the area near the bottom and a large V c causes the trajectories to bend to the bottom of the trench. Therefore notching may be weakened by increasing V c .
It is shown in Fig. 7 that the IEDs of ions bombarding the bottom exhibit double peaks, similar to the results from the rf sheath theory and experiments [2, 13] . It is noteworthy that double peaks in IEDs are unique for the rf bias case which is different from that for a Fig. 7 that with the same trench width, the deeper the trench is, the higher the high-energy peak and the lower the low-energy peak are. This is because the low-energy ions can hit the sidewalls more easily than high-energy ions in the electric field, which is more significant for the deeper trench. Then there will be less low-energy ions which hit the electrode. In the deeper trench, ions take much time to reach the electrode so that they can get higher velocities and energies upon reaching the electrode. As a result the peaks in IEDs exhibit the changes mentioned. The results also indicate that, keeping A r unchanged, the high-energy peak moves towards a higher energy as V c increases, which is not presented here.
Conclusion
Two-dimensional distributions of the electric potential and ion trajectories in a photoresist trench powered by a rf source were investigated. The time dependent electric potential, time dependent ion trajectories, number of ions impinging onto the sidewalls and IEDs bombarding the bottom of the trench were obtained. The results show that the aspect ratio A r and the amplitude of rf bias V c at the trench bottom are crucial in determining the distributions of the electric potential and the ion behavior in the trench. By increasing V c , the effects of notching can be weakened. In the future, we will extend the present work to study the effect of the frequency of the rf source on the ion behavior.
